Visual information from binocular disparity and from relative motion provide information about threedimensional structure and layout of the world. Although the mechanisms that process these cues have typically been studied independently, there is now a substantial body of evidence that suggests that they interact in the visual pathway. This paper investigates one advantage of such an interaction: whether retinal motion can be used as a matching constraint in the binocular correspondence process. Stimuli that contained identical disparity and motion signals but which di¡ered in their ¢ne-scale correlation were created to establish whether the direction, or the speed, of motion could enhance performance in a psychophysical task in which binocular matching is a limiting factor. The results of these experiments provide clear evidence that di¡erent directions of motion, but not di¡erent speeds, are processed separately in stereopsis. The results ¢t well with properties of neurons early in the cortical visual pathway which are thought to be involved in determining local matches between features in the two eyes' images.
A considerable amount of recent empirical evidence suggests that binocular disparity and motion information are combined during visual processing, although the purpose of this combination remains open to question (Nawrot & Blake 1989; Roy et al. 1992; Johnston et al. 1994; Morgan & Tyler 1995; Bradley et al. 1995; Bradshaw & Rogers 1996) . Here we investigate the suggestion that retinal motion can facilitate the solution of the binocular correspondence problem (Waxman & Duncan 1985; Cornilleau-Peres & Droulez 1993; Landy et al. 1995) . The correspondence problem refers to the di¤culty faced by the visual system in establishing which features in the left and right eyes' images originate from the same location in physical space. Establishing the correct matches is prerequisite to the measurement of binocular disparity, which in turn speci¢es the three-dimensional structure of the world. The number of potential matches can be large, particularly when there is a dense distribution of image features as in, for example, a typical random dot stereogram (¢gure 1).
To solve this correspondence problem, a variety of matching constraints has been proposed which serve to reduce the number of potential matches to be considered. Some matching constraints take into account the global pattern of disparities (e.g. the epipolar constraint, the uniqueness constraint or the disparity gradient limit (see Frisby & Pollard 1991; Tyler 1995) ), whereas others are more local and work by allowing only matches between image features that have certain similarities in common (e.g. in colour, orientation or contrast polarity (see Akerstrom & Todd 1988; Harris & Parker 1995) ). It is interesting that some of the proposed local constraints that appear to be used by the human visual system are also re£ected in the properties of single cells in the early visual pathway. For example, stereo matching is speci¢c for the contrast polarity of a feature (Harris & Parker 1995) and so are the responses of binocular complex cells in the cat (Ohzawa et al. 1990 ). The direction of retinal motion could also facilitate binocular correspondence by utilizing the constraint that when image features are considered as potential binocular matches they should not have di¡erent directions of motion in the two eyes' images. The fact that a high proportion of disparity tuned neurons in V1 (Poggio & Talbot 1981) , MT (Maunsell & van Essen 1983) and MST (Roy et al. 1992) are also direction selective lends support to this idea. However, although several psychophysical studies suggest that stereopsis is robust with moving stimuli (Westheimer & McKee 1978; Morgan & Castet 1995) and report results consistent with this scheme (Pong et al. 1990; Tittle & Braunstein 1993) , whether directional information can a¡ect binocular matching has never been investigated explicitly. We therefore decided to examine whether a local binocular matching constraint based on the direction of retinal motion is utilized by the human visual system.
To do this, a stimulus containing both disparity and motion was developed, in which we could manipulate the relationship between stereo and motion components while the components themselves were unchanged. It consisted of a dense random-dot surface, as depicted in ¢gure 1, which was modulated in depth according to a high-frequency square-wave (15 cycles of depth modulation per degree of visual angle) as shown in ¢gure 3. This frequency was chosen as it is well beyond the resolution limit of the stereo and motion systems (Tyler 1974; Nakayama & Tyler 1981; Parker & Yang 1989; Bradshaw & Rogers 1993) . Consider, for a moment, the case where the squarewave is de¢ned by binocular disparity alone. When the amplitude of the square-wave is zero, the stimulus appears as a single plane of dots (¢gure 2a), however when the amplitude of disparity is increased (¢gure 2b) the percept changes to a`thickened' single plane (pyknostereopsis) before, at a much larger disparity (¢gure 2c), it ¢nally appears to be two planes separated in depth (diastereopsis), where the nearest surface is transparent (Tyler 1983; Parker & Yang 1989) .
One factor that determines the disparity at which the perception of transparency occurs is the correspondence process: when disparity-selective mechanisms in the brain pool dots from both depth planes, transparency cannot be seen. For example, if matches are sought within a local neighbourhood, erroneous matches might be made between dots lying on adjacent horizontal raster lines. If these raster lines di¡er in disparity then a percept of`a three-dimensional cloud' of dots would result. Moreover, when a correct match between two dots on the same raster line is considered, there will be a disparity relative to nearby dots (on other rasterlines). This will create a di¤cult problem for any system that implements a type of smoothness constraint, because false matches between dots on di¡erent raster lines may have smaller disparity di¡er-ences than correct matches. Of course, matching need not be performed on a dot-by-dot basis. The primitives used for matching may be the output of luminance ¢lters applied to the dot pattern. If these ¢lters include dots from many raster lines, it would be di¤cult to detect the presence of di¡erent disparities on di¡erent rasterlines, particularly when the disparities are small. However, if the luminance ¢lters that process the images prior to binocular correspondence were direction speci¢c, then adding dot motion in opposite directions in the two depth planes should improve the ability to detect the disparities.
The two experiments reported here were designed to test this possibility. To avoid complications arising from the fact that opposite directions of motion produce a sensation of transparency (Qian et el. 1994 ), both Figure 1 . A stereogram depicting a square-wave disparity modulation in the centre of a random-dot surround. Each dot had a 50% probability of being light or dark. This stereogram is similar to that used in the experiments reported here. When viewed at normal reading distance the square-wave modulation of disparity should be apparent. However, if the stereogram is held at about arm's length the modulation should be near the typical resolution limit and so the perception of depth transparency should result.
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Dia-stereopsis (a) (b) (c) Figure 2 . The e¡ect of gradually increasing, from zero, the amplitude of the disparity modulation in our stimulus. The stimulus at ¢rst appears planar (a), then as a`thickened' plane (pyknostereopsis) before, at a much larger disparity (c), it ¢nally appears to be two planes separated in depth (diastereopsis), where the nearest surface is transparent (redrawn after Tyler 1983) . Because the modulation is outside the human resolution limit the structure of the square-wave is invisible (see ¢gure 1).
experiments compared conditions that contained identical motion and disparity signals. Instead, the vital experimental manipulation was to alter the spatial relationship between the two cues. In the ¢rst experiment, thresholds when all dots with the same disparity shared a common direction of motion were compared with thresholds when the disparity and the direction of motion were uncorrelated. A second experiment was also performed to determine whether the direction of motion was responsible for any e¡ect, rather than relative motion per se. Here, the motion square-wave was de¢ned by di¡erences in speed rather than di¡erences in direction. If relative motion alone is su¤cient to constrain binocular matches, then the results from both experiments (i.e. direction and speed) should be similar. In contrast, if direction of motion is the crucial factor, then the stimulus de¢ned by di¡erences in speed should have minimal e¡ect because it should only activate one population of direction-selective cells. Figure 3 illustrates the composition of the experimental stimuli. The stimuli depicted a high-frequency square-wave (15 cpd) modulated by binocular disparity and relative motion.
. M ET HOD S (a) Stimulus construction
Each cycle of the square-wave corrugation spanned four raster lines, with the dots on alternate pairs of raster lines speci¢ed by disparities d1 (shaded) and d2 (unshaded). On each experimental trial, the dots lying on adjacent pairs of raster lines were also displaced continuously, either in opposite horizontal directions at the same speed (experiment 1) or in the same horizontal direction but at di¡erent speeds (experiment 2), as illustrated by the arrows. In the ¢rst condition, the motion of dots on pairs of raster lines (e.g. shaded) was correlated with the disparity modulation, and in the second condition the motion on adjacent pairs of raster lines was uncorrelated with the magnitude of disparity. That is, the square-wave de¢ned by motion was shifted by 908 relative to the disparity modulation; in all other respects the stimuli were identical. Therefore the spatial relationship between the disparity and motion signals de¢ned the two conditions in each experiment. When moving in opposite directions (experiment 1), dot speed on adjacent pairs of raster lines was set at 0.5 deg s À 1 and when moving in the same direction (experiment 2) dot speed on adjacent pairs of raster lines was set at 0.25 deg s À 1 or 1.25 deg s À 1
. Therefore relative motion was equated in both experiments. In addition, a further series of trials was performed using stimuli with dot speeds of ( 0.
), which produced results similar to those reported below for the main experimental conditions. An additional control condition was also included where the motion of all dots was in the same direction and at the same speed (i.e. the only signal for transparency was disparity).
(b) Stimulus and apparatus
The stimuli were presented on two Apple 12 inch Monochrome monitors arranged in a standard Wheatstone stereoscope con¢guration and viewed through two ¢rst-surface mirrors set at 458 to the median plane. Viewing distance was 114 cm and each dot of the 50% density random dot pattern subtended 1 arc min. Subpixel disparity shifts were created between the stereo-pairs using a standard grey-level-interpolation algorithm. The low-pass e¡ects of the antialiasing algorithm were at a spatial scale comparable to that produced by the eyes' optical low-pass ¢lter, and so the spatial frequency content of the image on the retina was almost una¡ected and went undetected by the observer. Sequences of stereo-pairs were pre-computed and presented in a continuous cycle at frame rate (67 Hz) for 1 s to create the impression of smooth image motion. The stimulus comprised a 2 degree square (120 Â 120 pixels) patch of random dots centred within an 8 degree square of static random dots. A new array of dots was computed for each interval and for each trial. Observers ¢xated the centre of the stimulus pattern.
(c) Observers
Three observers took part in the experiment. All had normal or corrected-to-normal vision. Two were experienced psychophysical observers, and one (HDT) was both naive as to the purposes of the experiment and an inexperienced observer.
(d) Procedure
A two-interval forced choice procedure was used. In one interval (chosen at random on each trial) the disparity of the square wave (i.e. its peak-to-peak amplitude: d1^d2) was set at zero and in the other it was set to one of a range of nonzero values. The disparities were chosen so that responses spanned the range from chance (50%) to perfect performance (100%). Each disparity was presented in a block of 20 trials and a minimum of four blocks (presented in random order) were completed for each disparity to generate a psychometric function.
The observers' task was to judge in which interval there appeared to be a greater segregation in depth between the surfaces. When there was no disparity in the stimulus, the correlated and uncorrelated conditions for both di¡erences in directions and di¡erences in speed looked identical, and both gave rise to an impression of surface transparency. However, when there was a non-zero disparity and its magnitude was increased, the subjective appearance of the stimuli changed in a manner that corresponded with the illustration in ¢gure 2. When near threshold, the stimulus with non-zero disparity would appear as a slightly thickened plane.
R E SU LT S A N D DI S C U S S ION
Psychometric functions derived in the correlated, uncorrelated and control conditions of experiment 1 are shown for one observer in ¢gure 4a. The data are ¢tted by a Gaussian function using a maximum likelihood estimator and 95% con¢dence limits were calculated with a 1 2 test (Watson & Pelli 1987) . The 75% thresholds, derived from these functions, are summarized for all three observers in ¢gure 4b.
The thresholds for depth segregation were compared with a control condition in which all of the dots moved in the same direction (dashed line and open bars in ¢gure 4). In the correlated condition, thresholds were signi¢cantly lower than the control (p50.05 for all three observers), indicating that stereo matching is speci¢c for the direction of motion. In the uncorrelated condition, thresholds were poorer than the control although the magnitude of this e¡ect was smaller than for the correlated stimulus (p50.05 for two observers). Note the pattern of disparities was identical in all of these stimuli, all that changed was the correlation between the direction of motion and the magnitude of disparity (in the correlated condition, all dots with the same disparity moved to the left, whereas in the uncorrelated condition half of them moved to the left and the other half to the right).
Experiment 2 investigated whether there is a similar advantage for correlated disparity and motion if the square-wave was de¢ned by di¡erences in speed rather than by di¡erences in direction. The results (¢gures 4b and 4d) show that this is not the case, di¡erences in speed alone do not a¡ect performance appreciably.
Together, these experiments provide clear psychophysical evidence that di¡erent directions of motion, but not di¡erent speeds, are processed separately in stereopsis.
. G E N E R A L DI S C U S S ION
The results reported here show clearly that di¡erent directions of retinal motion, but not di¡erent speeds, a¡ect the ability of observers to resolve two spatially overlaid planes, de¢ned by binocular disparity, into two surfaces separated in depth. This suggests that the direction of retinal motion is processed separately in stereopsis, which accounts for the lower thresholds in our experimental task: if rightward moving dots are preferentially matched with other rightward moving dots, then the motion signal will help in determining the correct matches when motion and disparity are correlated. In the uncorrelated case, the motion signal will be unhelpful because rightward moving dots or features could lie in either depth plane and so the possibility of false matches across depth planes is similar to that for stationary stimuli (¢gure 2). Therefore, we conclude that the direction of retinal motion may be used by the visual system as a local matching constraint in the binocular correspondence process. The implementation of a local matching rule, based on the direction of motion, may play an important role in stereo vision given that in everyday situations observers are often moving relative to objects when precise depth and distance information is required, for example, when grasping a cup or catching a ball.
The results of our experiments, of course, do not indicate that matches between primitives with opposite directions of motion are always rejected, only that matches that have a common direction of motion are preferred. Thus when objects move towards an observer, which creates retinal motions in opposite directions, depth can still be perceived on the basis of disparity information (see Cumming & Parker 1994) . In principle, the interocular velocity di¡erences created by a feature moving towards an observer could also be used to establish its motion-in-depth, although it is not clear whether human observers use this mechanism (Cumming & Parker 1994; Harris & Watamaniuk 1995; Portfors-Yeomans & Regan 1996) . Indeed, the results reported here o¡er one possible reason why interocular velocity di¡erences may not be exploited by the visual system in this regard, instead they are used to provide matching constraints in the correspondence process.
The site of the interaction advanced in the present paper, and supported by our results, is somewhat earlier than that usually considered in models of cuecombination. Interactions are usually considered to take place between measured movement vectors and known disparities (i.e. post-correspondence) in the recovery of information about shape and three-dimensional structure (e.g. Rogers & Graham 1984; BÏltho¡ & Mallot 1988; Nawrot & Blake 1991; Johnston et al. 1994; Landy et al. 1995) . It is di¤cult to explain these new results with a similar interaction scheme. The stimuli compared here contained identical motion and disparity signals, and if these were initially processed separately, then the correlated and uncorrelated stimuli should give equivalent sensations. One would have to propose that the separate motion and disparity systems retained a precise description of the location of the depth modulations, which seems unlikely in view of their poor spatial resolution and the fact that the corrugation frequency used here was well above the resolution limit for both cues. Although it is possible that the relationship between motion and stereo signals might in£uence perceived depth for suprathreshold stimuli (Tittle & Braunstein 1993) , it seems unlikely that it would produce changes in a threshold task.
The results reported here, therefore, are best explained as an early interaction between the direction of motion and disparity, probably prior to binocular correspondence. Evidence for early interactions between disparity and motion has also been found using a range of psychophysical paradigms. For example, Bradshaw & Rogers (1996) found evidence for subthreshold summation of disparity and motion parallax cues in a depth discrimination task; Steinbach & Anstis (1976) showed that dynamically visible, disparate features in a binocular random-dot kinematogram could be fused to support stereopsis; and Anstis & Harris (1974) using a contingent after-e¡ect paradigm demonstrated that directional motion aftere¡ects contingent on disparity, and depth/disparity aftere¡ects contingent on the direction of motion could be created. Error bars indicate the 95% con¢dence intervals of the threshold estimates. The slopes of the psychometric functions were also determined, which, averaged over observers, did not di¡er signi¢cantly.
We suggest that our results may be the perceptual correlate of the fact that many disparity selective neurons in the visual cortex (V1, MT and MST) are also direction selective (Bradley et al. 1995; Maunsell & van Essen 1983; Roy et al. 1992; Poggio & Talbot 1981) . The ¢nding that speed di¡erences do not have the same e¡ect corresponds most closely to the properties of neurons in V1, which are less selective for speed than those in MT (Maunsell & van Essen, 1983; Orban et al. 1981) . Although it is di¤cult to determine precisely the physiological locus of any psychophysical e¡ect, the fact that our results demonstrate an interaction of stereo and motion before the correspondence process is completed suggests that it takes place early in the visual pathway where local binocular matches are determined. As the interaction occurs before the correspondence process is solved it seems possible that it may occur as early as V1, where stereo correspondence has not yet been achieved (Maunsell & van Essen 1983; Parker & Cumming 1996; Cumming & Parker 1997 ). However, if it turns out that MT and MST also perform local matching prior to correspondence then it is possible that these areas are responsible for this interaction. The use of stimuli like those described here in physiological experiments may tell us a great deal about the basis for the interactions between stereo and motion psychophysically.
